The relative contribution of epithelial Sertoli cells in response to bacterial infection of the testis remains poorly characterised, since studies on inflammatory properties of these cells have invariably used unpurified lipopolysaccharide (LPS) preparations contaminated with bacterial lipopeptides. Consequently, isolated rat Sertoli cells were stimulated with either unextracted or phenol re-extracted LPS, and analysed for Toll-like receptor (TLR) 4, TLR2 and inflammatory cytokine gene expression by quantitative reverse transcription polymerase chain reaction (RT-PCR). Expression of TLR4 and its co-receptor protein myeloid differentiation (MD) 2 in Sertoli cells and testicular macrophages were similar, but Sertoli cells displayed low basal or LPS-induced expression of the TLR4 accessory protein, CD14. In Sertoli cells, unextracted LPS produced cytokine responses which were considerably greater in magnitude and duration compared with their response to purified LPS. Sertoli cells also responded to the synthetic lipopeptide, Pam 3 Cys (a TLR2 ligand) with a similar pattern of prolonged gene expression. Sertoli cells were more than 10-fold less sensitive to purified LPS than macrophages, but expressed similar levels of interleukin (IL)-1a and IL-6, and much greater levels of the immunoregulatory cytokine activin A, when maximally stimulated. These data demonstrate that Sertoli cells display differential cytokine responses to bacterial stimuli, mediated by both TLR2 and TLR4, that are distinct from those of testicular macrophages.
INTRODUCTION
Testicular function is characteristically disturbed by both local and systemic inflammation, leading to temporary, and sometimes permanent, infertility. 1 When bacterial lipopolysaccharide (LPS) is intraperitoneally administered to rats, the effects of the resulting inflammation include vascular changes, leukocyte infiltration of the testis, reduction of testosterone production, and disruption of spermatogenesis. 2 Increasingly, evidence suggests that these effects are mediated, in part, by LPS-induced changes in cytokine production profiles within the testis. The mechanisms involved in this response are complex. Not only are numerous resident macrophages present in the interstitial tissue of the testis, but there is considerable evidence that the epithelial cells of the seminiferous epithelium, the Sertoli cells, play a critical role in the response to bacterial ligands as well. This is important because bacterial infections of the testis are generally considered to gain access via the male genital tract, and it is the Sertoli cells of the seminiferous epithelium, not the resident macrophage population within the interstitium, that may provide the first line of response to such infections.
Even under normal conditions, Sertoli cells produce a number of inflammatory and immunoregulatory cytokines.
In the adult testis, the developing germ cells stimulate the Sertoli cells to produce interleukin 1a (IL-1a) from its 31-kDa precursor, as well as a 24-kDa variant of the IL-1a precursor, which lacks the calpain-cleavage site necessary for production of the native 17-kDa IL-1a protein. 3, 4 This variant does possess weak IL-1a bioactivity, but its functional significance relative to the native IL-1a form remains unclear at this time. In turn, IL-1a stimulates the Sertoli cells to secrete IL-6 and activin A. 5, 6 Studies in vitro suggest that these three cytokines participate in the detailed regulation of Sertoli cell and germ cell proliferation and survival. [7] [8] [9] Significantly, production of these cytokines by the Sertoli cell is also induced by LPS in vitro, 9, 10 suggesting that changes in the expression of these cytokines by the Sertoli cell may contribute to the dysregulation of spermatogenesis caused by inflammation.
Bacterial LPS exerts its effects exclusively through the Toll-like receptor 4 (TLR4) receptor complex, 7, 11 which also includes the co-receptor proteins myeloid differentiation (MD) 2 12 and CD14. 13 The MD2 component is essential for LPS recognition and signalling, whereas CD14 enhances LPS responsiveness by facilitating the transfer of LPS to the TLR4/ MD2 complex. 14 Another bacteria-recognition receptor, TLR2, in a complex with either TLR1 or TLR6, recognises tri-acylated lipoproteins and di-acylated lipoproteins. 15 Recent studies have found that rat and mouse Sertoli cells express TLRs 1-6 mRNA, and both TLR4 and TLR2 protein surface expression and ligand responses have recently been confirmed in mouse Sertoli cells. [16] [17] [18] Expression of CD14 mRNA has been detected in the human and rat testis, 19, 20 but its distribution and expression levels in this tissue remain unexamined. Testicular MD2 expression has not been characterised in any species.
It is now well recognized that most commercial LPS preparations are contaminated with variable levels of bacterial lipoproteins capable of signalling via TLR2. 21 Although both TLR4 and TLR2 act via common MyD88-mediated pathways, their signalling pathways also show significant downstream divergence. [22] [23] [24] Consequently, it is important to highlight the fact that all studies on Sertoli cell responses to LPS to date have used LPS preparations of undefined purity. In these previous studies, Sertoli cells appear to be relatively insensitive to LPS, responding to LPS concentrations in the microgram range, 10, 25 whereas macrophages display significant responses to nanogram amounts of LPS. 26 Moreover, unlike macrophages, Sertoli cells continue to increase their production of cytokines in response to LPS doses up to 500 mg/ml, which are close to cytotoxic concentrations for these cells, without any evidence of saturation. 10, 27 Altogether, the existing data tend to suggest that the commercial LPS preparations used in most studies have complex effects on Sertoli cell cytokine production, attributable to differential signalling through TLR2 and TLR4. This issue requires clarification, since variable amounts of bacterial contaminants in unpurified LPS preparations may produce inconsistent or misleading results. In fact, it is yet to be formally demonstrated that Sertoli cells can actually respond to purified LPS. Consequently, the aims of the present study were to confirm the ability of purified LPS to regulate the Sertoli cell, to compare this with responses to a specific TLR2 ligand, and to determine whether the removal of lipopeptide contaminants from commercially available LPS would lead to quantitatively different effects on Sertoli cell cytokine expression.
MATERIALS AND METHODS

Animals and reagents
Adult (80-100-day-old) and immature (20-day-old) male Sprague-Dawley rats were obtained from the Monash University Central Animal House and maintained under standardised conditions of lighting (12 h light:12 h dark) and nutrition (food and water ad libitim). Studies were performed in accordance with the Australian National Health and Medical Research Council Guidelines on Ethics in Animal Experimentation and were approved by the Monash Medical Centre Animal Experimental Ethics Committee.
Phenol-extracted LPS (from Escherichia coli, serotype K-235) was obtained from Sigma-Aldrich (St Louis, MO, USA). This phenol-extracted LPS contains significant contamination by bacterial lipoproteins, which activate the TLR2 receptor, but which can be removed by a repeated phenol re-extraction procedure, as previously described by Hirschfield et al. 21 Using the terminology of Hirschfield et al. 21 the phenol-extract LPS obtained from the supplier is designated 'unextracted LPS' and the purified LPS is designated 'phenol re-extracted LPS'. The TLR2 ligand (S )-[2,3-bis(palmitoyloxy)-(2-RS)propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-(S)-Lys4-OH.3HCl (Pam 3 Cys) was obtained from EMC Microcollections (Tübingen, Germany). All other reagents were obtained from Sigma-Aldrich, unless otherwise stated.
Collection of tissues
Adult male rats were killed by CO 2 overdose, samples of the testis and liver were removed and immediately snap frozen in 1 ml TRIzol (Invitrogen, Carlsbad, CA, USA) using liquid nitrogen and stored at -80 C for subsequent RNA extraction.
Primary cell isolation and culture
Sertoli cells were isolated from immature rat testes, as previously described. 6 Briefly, isolated seminiferous tubules were subjected to serial collagenase/hyaluronidase digestion, resulting in Sertoli cell aggregates that were cultured in 3 ml Dulbecco's modified Eagles' medium (DMEM; Gibco, Grand Island, NY, USA) containing 0.1% endotoxin-free bovine serum albumin (BSA) in 6-well culture plates (Costar, Corning Inc., NY, USA) for 24 h at 37 C to allow attachment, followed by a change of medium to deplete unattached germ cells. The purity of the resulting Sertoli cells is routinely 490%, the remainder comprising peritubular cells and residual germ cells (spermatogonia and spermatocytes). Macrophage contamination of these cultures is negligible (51%).
Testicular macrophages were purified by differential adherence from dispersed saline-perfused adult rat testes, as previously described, 28 and cultured in 3 ml Macrophage-SFM medium (Gibco) at 37 C in 6-well culture plates for 3 h. Esterase histochemistry and immunohistochemistry using the macrophage-specific antibodies, ED1 and ED2, 29 were used to determine that the testicular macrophage cultures were490% pure. Routinely, the majority of contaminating cells are the steroidogenic Leydig cells ( 5%), connective tissue cells and germ cells (spermatids).
Leydig cells were isolated from adult rat testes by collagenase dispersal and centrifugal elutriation, as previously described, 30 and cultured in 3 ml DMEM:F12 medium (Gibco) containing 0.1% endotoxin-free BSA at 32 C in a 6-well culture plate. The resulting Leydig cell cultures were 490% pure as assessed by esterase and 3b-hydroxysteroid dehydrogenase histochemistry. 31 Routinely, the majority of contaminating cells are connective tissue cells and germ cells (pachytene spermatocytes). Macrophage contamination of these cultures is negligible (51%).
After isolation of cells and the initial culture period, the medium was carefully removed and 50 ml of endotoxin-free saline alone, or saline containing unextracted LPS, phenol re-extracted LPS or Pam 3 Cys was added in a total volume of 1 ml of the appropriate culture medium for between 3-48 h at 37 C (Sertoli cells and macrophages) or 3 h at 32 C (Leydig cells). Cells were harvested after removal of medium by lysis using a cell scraper in 1 
RNA extractions and cDNA synthesis
Tissues and primary cell cultures from which RNA was to be extracted were snap-frozen using liquid nitrogen and stored at -80 C. Total RNA was purified as previously described. 32 Briefly, cells were lysed in TRIzol, followed by chloroform extraction. The aqueous layer was precipitated by addition of isopropanol followed by centrifugation at 12,000 g for 10 min at 4 C. Pellets were washed with 70% ethanol followed by centrifugation. Pellets were dissolved in 20 ml diethylpyrocarbonate (DEPC)-treated water. Nucleic acid solutions were treated with DNAse to remove genomic DNA using the DNAfree kit (Ambion Inc, Austin, TX, USA). Oligo-dT primed cDNA was synthesized from 1 mg of RNA using the Superscript kit TM (Invitrogen). For each cDNA, a non-reverse transcribed control was produced where primers and RNA were subject to the same synthesis conditions in the absence of the reverse transcriptase enzyme.
Sequencing of rat Md2 gene and TLR2 splice variants
A partial coding sequence of rat Md2 was available from Genbank (AY197554) with significant sequence identity to mouse Md2 (NM_016923). At the time of the experiment, no match for this sequence was available from the NCBI rat genome database. A PCR product was amplified from testis macrophage cDNA and sequenced using a forward primer, which was designed to match the mouse Md2 5 0 -untranslated region (5 0 -UTR) sequence, and a reverse primer which was designed using the rat partial coding sequence ( Table 1 ). The sequence of this product revealed rat Md2 gene sequence 5 0 to the known rat partial coding sequence. This same product could be amplified from a panel of cDNAs from 12 different adult Sprague-Dawley rat tissues using quantitative (real time) RT-PCR (QRT-PCR), as described in the following section. The strongest expression was found in the adrenal gland (data not shown). A second PCR product was amplified and sequenced from adrenal gland cDNA using the Md2 forward primer (Table 1) and 5 0 -TTTCTTCAGTATCCCCAGCAAT-3 0 (designed using the mouse Md2 sequence). A match for this sequence of the longer product was found in the high-throughput genome sequences (HTGS) database (NCBI), thereby revealing the full rat Md2 sequence ( Fig. 1 ). Mouse and rat Md2 nucleotide sequences share high sequence identity of 93.3% as determined by the lalign program. 33 The putative polypeptide sequence was determined based on the rat cDNA sequence and using the mouse Md2 mRNA sequence to predict the transcription start site. A single nucleotide polymorphism (SNP) was detected at position 228, where both T and A were found during sequencing of this region. This SNP would produce either a lysine or asparagine residue at position 73 of the peptide. The presence of the same cDNA in the rat testis was verified and the sequence submitted to Genbank (AY963291). The region of the rat genome containing the Md2 gene is now available and a BLAST search on our Md2 sequence comes up as a match.
Using the available sequence for rat Tlr2 (AY151255), primers were initially designed for QRT-PCR which included 5 0 -GCTAAAGGCAGGCTGGAAGC-3 0 , based on the 5 0 -UTR, and the Tlr2 reverse primer (Table 1) .
Unexpectedly, these primers produced two products of different sizes (475 bp and 389 bp) from testis macrophage cDNA. These products were sequenced, revealing two novel rat Tlr2 splice variants. The exact AY151255 mRNA sequence was not detected. The two variants contained the same coding region as the AY151255 sequence but differed in the 5 0 -UTR. The long form (Tlr2) contained 2 exons of 5 0 -UTR and the shorter form (Tlr2D2) contained only the first of these two exons. Both products could be amplified from each of a panel of cDNAs made from 12 different adult Sprague-Dawley rat tissues using QRT-PCR (data not shown). Novel sequences were submitted to Genbank (EF127847, EF127848). Analysis of the peptide products 
GGAGGTCTCCAGGTCAA CCTATCACAGCCATCAAGATC from these two transcripts is yet to be performed, but the two sequences should give rise to the same protein, as the only difference is in the 5 0 -UTR of the mRNA. Melting curve data acquisition was conducted from 63 C to 97 C to confirm product purity. For all real-time PCR reactions, standard curves were generated using purified PCR products in sequential 10-fold dilutions. It was found that Sertoli cell levels of the 'housekeeping' gene b-actin (and other reference genes) differed significantly with LPS treatment conditions (data not shown), similar to previous studies. 32, 34 Therefore, quantification was performed using normalisation to the amount of RNA used in each cDNA reaction. 34 In order to provide relative expression values, all normalised data were standardised against a control, represented by the group in the first column in each graph, the mean value of which was arbitrarily assigned a value of 1.0. Product sizes were routinely verified by agarose gel electrophoresis and sequenced using the primers described in Table 1 to confirm their identity. The absence of products arising from contaminating genomic DNA in cDNA samples was confirmed using non-reverse transcribed controls.
Western blot analysis
Cells were lysed in RIPA buffer at 4 C, and lysates were incubated on ice for 10 min followed by 45 min rotating at 4 C and 5 min centrifugation at 18,000 g to recover the soluble fraction. Total protein concentration was determined using the DC protein assay kit (Biorad) according to the manufacturer's instructions. Aliquots of 150 mg protein for each sample was diluted 1 : 4 with sample buffer (0.5 M
bromophenol blue, pH 6.8) and incubated at 65 C for 5 min, followed by SDS-PAGE on a 9% acrylamide gel and transfer onto an Immobilon P membrane (Millipore, Bedford, MA, USA) in 20 mM, 150 mM glycine/10% (v/v) methanol. Membranes were blocked in Tris-buffered saline, pH 7.4 (TBS) containing 5% (w/v) non-fat dry milk powder for 3 h at 22 C then probed for 16 h with a goat-anti-mouse TLR4 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, catalogue number sc16240) in TBS with 1% milk powder at 4 C, followed by three 10 min washes in TBS. Membranes were then probed with 1:10,000 biotin-conjugated rabbit-anti-goat IgG (Dako, Glostrup, Denmark) in TBS for 1 h, washed and probed with 1:7500 streptavidin-conjugated Alexa-fluor Õ 680 (Molecular Probes, Invitrogen) in TBS for 1 h, followed by detection using the Odyssey system (LI-COR Biosciences, Lincoln, NB, USA).
Nucleotide sequence accession numbers
The new sequence data described in this manuscript have been submitted to the GenBank databases under accession numbers AY963291 (rat Md2), EF127847 (rat Tlr2) and EF127848 (rat Tlr2D2).
Statistical analysis
Data were analyzed by Student's t-test, one-way analysis of variance (ANOVA) or two-way ANOVA following appropriate transformation to normalise data and equalise variance, where necessary. An ANOVA on ranks was performed on data that could not be normalised. Mean values were compared using either Student-Newman-Keuls multiple range test or Dunnett's test for multiple comparisons with a control (Sigmastat v.1.0; Jandel Scientific Software, San Rafael, CA, USA). Differences between values were considered statistically significant at the P50.05 level.
RESULTS
Identification and verification of rat Md2 and Tlr2 mRNA transcripts
New transcripts for components of the TLR2 and TLR4 systems in the rat were discovered in setting up these studies. The complete rat Md2 coding sequence was unavailable; therefore, a partial coding sequence, available from Genbank (AY197554), was used in combination with the known mouse Md2 coding sequence, to establish the full rat Md2 sequence (Fig. 1) , as described in Materials and Methods. A single nucleotide polymorphism was detected which would produce either a lysine or asparagine residue at position 73 of the peptide. Additionally, two splice variants of the rat Tlr2 were discovered, differing only in exon usage over the 5 0 -UTR region. The longer splice variant (Tlr2) contains two exons of 5 0 -UTR whereas the shorter variant [Tlr2D2] is missing the second exon.
LPS-receptor component and TLR2 expression in the adult rat testis
Using QRT-PCR, mRNA for the LPS receptor (Tlr4) and its co-receptor proteins (Cd14 and Md2), as well as both splice variants of Tlr2, were detected in the adult rat testis, and expression levels were compared with the liver, as a control tissue ( Table 2 ). Whole tissue expression of Tlr4 and Md2 mRNA in the normal testis was comparable to expression in the liver, whereas Cd14 expression was 20-fold lower in the testis. However, both splice variants of Tlr2 were expressed at significantly higher levels in the testis than the liver ( Table 2) : 8-fold higher for full-length Tlr2 and 3-fold higher for the Tlr2D2 variant. These data point towards a significant intratesticular role for TLR2.
In previous studies of isolated testicular cells, responses to LPS have been reported for Sertoli cells, testicular macrophages and Leydig cells. 10, 35, 36 Production of the LPS receptor (TLR4) by all three cell types was confirmed by Western blot analysis of these cells following culture for 3 h, either unstimulated or stimulated with 10 mg/ml unextracted LPS (Fig. 2) . Expression of the Tlr4 gene and its associated co-receptor molecules Cd14 and Md2, as well as the two Tlr2 gene transcripts were also detected by RT-PCR in these cell cultures (data not shown). Subsequently, LPS-receptor component and Tlr2 mRNA expression were quantified by QRT-PCR ( Fig. 3) . Basal level Sertoli cell expression of Tlr4 and Md2 were similar to levels in testis macrophages, whereas Cd14 and both Tlr2 transcripts were significantly lower in the Sertoli cells. In Leydig cells, Tlr4 and Md2 expression levels were lower than in Sertoli cells, Cd14 expression was similar in both cell types, and both Tlr2 transcripts showed slightly more expression in the Leydig cells. The Cd14 and both Tlr2 transcripts were LPS-inducible in the macrophages but not in the Sertoli cells or Leydig cells. Neither Tlr4 nor Md2 were acutely inducible by LPS. These data confirm that the LPS receptor is expressed in the Sertoli cell at levels comparable to those found in testicular macrophages, although the large difference in Cd14 expression suggests a differential responsiveness to LPS may be expected in comparisons of these two cell types. The fact that there appears to be discordance between the levels of TLR4 protein, as measured by Western blot, and mRNA, as measured by QRT-PCR in the Leydig cell may be related to differences in protein or mRNA stability or turnover in this cell type in culture.
The effects of unextracted and phenol re-extracted LPS on sertoli cell cytokine gene expression
The Sertoli cell responses to unextracted and phenol re-extracted LPS were compared using QRT-PCR.
As phenol-extraction may have caused some loss of LPS, the activity of the unpurified and phenol re-extracted LPS preparations was standardised by matching their ability to stimulate TNF-a mRNA production by rat peritoneal macrophage cultures at 3 h. The phenol re-extracted LPS was arbitrarily assigned a mass value equivalent to the mass of the unextracted LPS that gave the same activity under these conditions (data not shown).
Full-length IL-1a, the truncated IL-1a variant [IL-1aD4], IL-6 and activin A mRNA levels reached a maximum expression after 6 h of stimulation with the phenol re-extracted LPS, but all had returned towards baseline levels after 12 h (Fig. 4) . In contrast, stimulation with unextracted LPS produced cytokine expression responses which were increased in both magnitude and duration. Both IL-1a transcripts continued to be increased in expression even after 12 h (Fig. 4A,B) . Expression of IL-6 and activin A mRNA levels was significantly higher in unextracted LPS-stimulated cultures than those stimulated with phenol re-extracted LPS at 6 h and maintained similar levels of expression through 12 h (Fig. 4C,D) . These data indicated that the majority of the Sertoli cell response to unextracted LPS (particularly after the first 3-6 h period) was due to the phenol-extractable components, such as lipoproteins, in the LPS preparation. Since these contaminants of LPS activate TLR2 signalling, this was investigated next.
Sertoli cell responses to stimulation with a TLR2 agonist, Pam 3 Cys
In dose-response studies, expression of both IL-1a transcripts by Sertoli cells in culture were significantly increased by 100 ng/ml and 1000 ng/ml Pam 3 Cys stimulation within the first 3 h of culture ( Fig. 5A,B) . In contrast, IL-6 did not respond to Pam 3 Cys at this early time-point ( Fig. 5C ) and activin A was increased only by the highest dose of Pam 3 Cys (Fig. 5D ). All four cytokine transcripts were stimulated by Pam 3 Cys at later time-points (Fig. 6) . Expression of the IL-1a and IL-1aD4 transcripts was increased by a maximum of approximately 7-fold and 14-fold, respectively, at 6-12 h of culture, decreasing to basal levels by 48 h (Fig. 6A,B) . The effect of Pam 3 Cys on IL-6 and activin A mRNA expression was less pronounced, with stimulated levels of approximately 2-fold and 1.5-fold above the control, respectively by 12 h (Fig. 6C,D) . These results indicate that the TLR2 agonist Pam 3 Cys stimulates Sertoli cell cytokine gene expression over a longer period of time than does phenol re-extracted LPS, i.e. Pam 3 Cys stimulated peak expression from 3-12 h against a maximum expression by 6 h for the phenol re-extracted LPS. These responses correspond with the significantly increased and extended production of cytokines induced by unextracted LPS, compared with the phenol re-extracted LPS, as observed in Fig. 4 . The data also suggest that both IL-6 and activin A expression were less effectively stimulated by the TLR2 ligand, compared with the two IL-1a variants.
Sertoli cells and testis macrophages respond differently to LPS stimulation
Having established that stimulation with TLR2 ligands significantly enhances cytokine production by the Sertoli cell when compared to stimulation by LPS, the acute (3 h) response of Sertoli cells to increasing concentrations of phenol re-extracted LPS compared to that of testicular macrophages was examined using QRT-PCR (Fig. 7) .
Regardless of the cytokine measured, testicular macrophages were already maximally stimulated at an equivalent of 1.0 mg/ml phenol re-extracted LPS. In contrast, at this time-point, the Sertoli cells did not show a significant response to this lowest dose, but reached maximum stimulation at a 10-fold higher dose (10 mg/ml) of LPS. In terms of IL-1aD4 variant and IL-6 mRNA expression, both cell types showed similar maximum responses to LPS stimulation, but activin A mRNA expression was considerably higher in the Sertoli cell under both basal and stimulated conditions. The data confirm that Sertoli cells are at least 10-fold less sensitive to stimulation by LPS than the testicular macrophages, but also indicate that the Sertoli cells are capable of comparable cytokine expression when maximally stimulated. In the case of activin A, moreover, the stimulated expression levels in the Sertoli cell were considerably higher (at least 20-fold) than was observed in the testicular macrophages. 
DISCUSSION
The data in this study establish that rat Sertoli cells express TLR4 and TLR2, as well as the TLR4 co-receptor proteins CD14 and MD2, at physiologically significant levels. Although expression of TLR4 mRNA and protein by the Sertoli cell has been demonstrated previously, [16] [17] [18] the expression of MD2, which is an essential component of the TLR4 signalling complex, or the LPS-response amplification protein, CD14, have not been investigated before. To the best of our knowledge, this is also the first study to confirm that Sertoli cells respond to purified LPS, thereby confirming that the TLR4 receptor complex is biologically functional in the Sertoli cell. Although Sertoli cells displayed a reduced sensitivity to purified LPS compared with testicular macrophages, both cell types displayed a similar level of inflammatory cytokine (IL-1a and IL-6) mRNA expression when maximally stimulated. Moreover, rat Sertoli cells express TLR2 and respond to TLR2-specific ligands, an observation previously confined only to the mouse. [16] [17] [18] Stimulation through TLR2 produced a similar pattern of cytokine expression to that following TLR4 activation, but with considerably extended duration of expression. Accordingly, when standard, commercial LPS was purified of its lipopeptide contaminants by phenol re-extraction, the Sertoli cell cytokine expression responses to the LPS were considerably reduced. These data suggest that impurities in unextracted LPS can contribute significantly to the Sertoli cell cytokine response to these preparations, thereby obscuring TLR4-specific responses.
In several rat tissues, two novel variants of the rat Tlr2 mRNA were detected, and both transcripts were found to be expressed by the Sertoli cell. Both transcripts contained the same coding region as the sequence of rat Tlr2 (from rat spleen) already deposited in Genbank, differing only in the 5 0 -UTR. One of the novel transcripts was a splice variant of the other, designated Tlr2D2, which would be expected to produce the same mature protein, but is missing one exon of 5 0 -UTR. Although the biological significance of this truncated variant is not yet understood, its expression levels differed from full-length TLR2 across 12 different rat tissues. It is possible that the purpose of the two splice-variants includes a fine-tuning of expression levels, that is allowing different levels of gene expression in different tissues. Expression of mRNA for Tlr4 and Md2 in the Sertoli cell was comparable to expression in the testicular macrophages, although expression levels for Cd14 and the two variants of Tlr2 mRNA were significantly lower. The relatively low Tlr2 expression may explain the failure to detect Tlr2 mRNA in rat Sertoli cells using RT-PCR in an earlier study. 17 Testicular Leydig cells were also analysed because they are a minor contaminant of testicular macrophage preparations, and can respond to LPS. 36 Although TLR4 was clearly present in the Leydig cell as determined by Western blot, Leydig cell expression of Tlr4/Md2 mRNA was very low in comparison with Sertoli cells or macrophages, and Tlr2 and Cd14 expression was similar to that observed in the Sertoli cell. Overall, it appears that Leydig cells produce relatively low levels of both TLR2 and TLR4 components, which are unlikely to confound the testicular macrophage observations. In further contrast to the macrophages, LPS-stimulation did not up-regulate either Tlr2 or Cd14 expression in Sertoli cells or Leydig cells, consistent with the low endogenous expression levels in these somatic cell types.
All previous studies on the effects of LPS on Sertoli cells have employed LPS preparations of undefined purity. The data in the present study indicate that in these cells, after the first 6 h of culture, the large majority of gene expression, and hence cytokine production, in response to unpurified LPS is due to bacterial contaminants other than LPS. In longer term cultures, in particular, the majority of the response to unextracted LPS may actually be due to non-TLR4 mediated signalling. The most likely candidates responsible are TLR2 ligands (bacterial lipopeptides), because these are the main contaminant removed by serial phenol extraction, and a TLR2 ligand (Pam 3 Cys) produced a similar extended response pattern. Previous studies have indicated that TLR6, but not TLR1, is expressed in mouse Sertoli cells, and that these cells respond to the TLR2/ TLR6 ligands, MALP-2 and zymosan. 16, 18 By contrast, TLR1, but not TLR6, has been confirmed in rat Sertoli cells, 17 so the use of the tri-acylated lipoprotein, Pam 3 Cys, which binds to complexes of TLR2/TLR1, was more appropriate for the present study.
The observation that there are clear differences in the magnitude and duration of Sertoli cell cytokine expression in response to TLR2 and TLR4 activation has both methodological and physiological importance. Since TLR2 and TLR4 act through related, but distinct, signalling pathways, their downstream effects can be quite different. For example, the present data indicate that TLR2 mediated responses are significantly more effective inducers of IL-1a expression in the rat Sertoli cell, than of either IL-6 or activin A. Although Sertoli cell production of both IL-6 and activin A can be stimulated by IL-1a via an extracellular mechanism involving surface IL-1R, 10, 37 Sertoli cells from immature rats as used in the present study secrete very little of the IL-1a produced in response to LPS stimulation, 27 and hence this IL-1a-mediated autocrine loop should exert little influence. Notably, TLR2 signals via the adaptor protein, MyD88, to activate the inflammatory transcription factor, NF-kB and the MAP kinases, 23 which stimulate expression of cytokine genes, including IL-1a, IL-6 and activin A. [38] [39] [40] However, TLR4 activates both the MyD88-dependent pathway and a MyD88-independent signalling pathway, which act through the adaptor proteins, TRAM and TRIF. 24 This MyD88-independent pathway activates the transcription factor IRF3, resulting in production of type 1 interferons 41 and activation of genes responsive to interferons, including the transcription factors IRF5 and IRF7. 42 The ability of IL-6 to respond to elements of this pathway, such as IRF5, 43 may explain its apparently reduced response to activation of the MyD88-dependent pathway alone by TLR2, compared with TLR4 in the Sertoli cell. Likewise, the present data suggest that activin A may be more responsive to the MyD88-independent pathway than to the MyD88-dependent pathway, in the Sertoli cell. The MyD88-independent pathway has been implicated in the testicular response to uropathogenic E. coli, 17 but remains relatively poorly studied in the Sertoli cell. Finally, downstream regulators that differentially control TLR2 and TLR4 signalling, such as CD11b/CD1844 or Traid3A, 45 may also play a role.
Sertoli cells and testicular macrophages also displayed significant differences in their respective responses to TLR4 activation. First, cultured Sertoli cells appear to be at least a order of magnitude less sensitive to purified LPS than testicular macrophages, but, at least in the case of IL-1a and IL-6, there was no significant difference in final expression levels at higher concentrations of LPS. Since cellular expression of CD14 considerably increases sensitivity to LPS, 46, 47 the difference in sensitivity may be related to the low level of CD14 expression by the Sertoli cell, even in the presence of LPS. Second, although Sertoli cell expression of IL-1a and IL-6 was comparable to that of the macrophages when maximally stimulated with LPS, production of activin A mRNA was considerably greater in the Sertoli cell. This may be related to differences in the relative importance of the MyD88-dependent and MyD88-independent pathways in the cell types. What is clear is that Sertoli cells are likely to be significant sources of inflammatory and immunoregulatory cytokines in the testis, particularly during inflammation and infection. In this respect, it should be noted that the Sertoli cell appears to be a major source of activin A under conditions of inflammation, and activin A is emerging as a critical regulator both of inflammation and the subsequent immune response. 48 This is consistent with the well-established immunoregulatory properties of the Sertoli cell that contribute to the immune privileged status of the testis. 1 
CONCLUSIONS
These data indicate that studies on the effects of unpurified LPS on Sertoli cell function in vitro may actually represent studies of TLR2-mediated responses to undefined contaminants. Consequently, all future studies on TLR4 signalling in the Sertoli cell should explicitly use phenol re-extracted LPS to avoid such complications. In terms of pathophysiology, the data provide further evidence that Sertoli cells respond directly to bacterial ligands, and represent an important component of the mucosal immune system of the genital tract, and a distinctive constituent of the protective repertoire of the testis to ascending infections. Finally, these data indicate a more complex response of the Sertoli cell to signalling via TLR ligands than previously suspected, and that differential signalling through TLR2 and TLR4 may contribute to the complex changes in cytokine expression that occur within the seminiferous epithelium, even during normal testicular function. 49 
